AD-A250  991  tationpage 


fotm  4ppf0v«cf 
om  No,  0704-0188 


Uif  catttcuofi  of  tommwH  thn  ttCiivMt*  V  ovm  tfiotct  o#  tfH%y 

tfi.  (0  W4VMiqto«i  HtM«w4rtfn  Otmtortft  ref  iftformatioii  OvofMiorH  4fi4  At#om,  tail  ;tfftfioif 

t  nffefwonc  Mductton  froi«ct(g704*aitttwtiiiM<9teA.  oc  aosei*  I 


OATI 

05-15-92 


[JTRCPOIIT  TYPi  AND  OATES  COVERED 


Technical 


4.  TITLE  AND  SUBTITLE 

The  Chemistry  and  Packaging  of  Nanocomposite 
Confined  Arrays 


06-01-91  to  05-31-92 


S.  njNOING  NUMBERS 
N00014-90-J-1159 


C.  AUTHORIS) 

G.D,  Stucky 


7.  RERfORMING  ORGANIZATION  NAME(S)  ANO  AOORESS(ES) 
. University  of  California 
Department  of  Chemistry 
'Santa  Barbara,  CA  93106 


DTIC 


B.  REREORMING  ORGANIZATION 
RERORT  NUMBER 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 

Prepared  for  Publication  In  Materials  Research  Society  Symposium 
Proceedings,  Volume  206  • 


IZa.  DISTRIBUTION /AVAIUSIUTY  STATEMENT 
Approved  for  public  release; 
distribution  unlimited 


IZb.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  ZOO  worcit/ 

The  miniaturization  of  electronic  and  optic  devices  has  revolutionized  response  times,  energy  loss  and  transport 
efficiency.  An  addiUonal  bonus  is  that  as  one  approaches  the  nanosize  regime  the  presence  or  absence  of  a  few  atoms  and 
the  geometrical  disposition  of  each  atom  can  significantly  modify  elecuonic  and  photonic  properties.  This  control  can  be 
further  suf^lemcnted  by  "packaging"  assemblies  of  atoms  or  molecules  into  thin  film  or  nanocomposite  bulk  materials 
to  define  surface  states,  cluster  environment  and  geometry,  intercluster  interactions,  and  consequently,  a  wide  tunable 
range  of  optical  and  chaige  carrier  responses. 

The  chemist  is  presented  with  an  intriguing  challenge.  First  the  clusters  must  be  unisized  with  identical  geometries. 
Secondly,  the  atom  or  molecular  assemblies  should  ideally  have  perfect  periodicity  in  order  to  rigorously  define 
optoelectronk  densities  and  intercluster  tunnelling.  A  third  requirement  is  that  the  nanocomposite  be  processable, 
generally  in  the  form  of  thin  films  or  single  crystals.  Numerous  approaches  are  being  undertaken  in  achieving  these 
goals,  including  molecular  beam  and  atomic  layer  epitaxy,  molecular  sieve  inclusion  chemistry,  molecular  capping  of 
inorganic  clusters,  porous  glass  and  aerosol  synthesis.  This  paper  presents  a  brief  review  of  the  interface  chemistry 
associated  with  nanophase  confinement  and  packaging  and  some  features  of  three  dimensional  surface  confinement  using 
molecular  sieves  and  zeolites. 


IS.  NUMBER  OF  PAGES 

16 


16.  PRia  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


NSN  7S<10-01.2SO-S500 


19.  SECURITY  CUSSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


ZO.  LIMITATION  OF  ABSTRACT 


Standard  Form  Z98  (Rev  2-89) 

>r»1(na««  a,  AHU  Ma 
29a-<02 


OFFICE  OF  NAVAL  RESEARCH 


Contract  N00014-90-J-1159 
R&T  Code  413n007 


Technical  Report  No.  20 

The  CHemj3try^^^d  Packaging  of 
NanocomcfoeitIwIConfined  Arrays 


G.D.  Stucky 


Prepared  for  Publication  in 

Materials  Research  Society 
Symposium  Proceedings 
Volume  206 


May  15,  1992 


Reproduction  in  whoie  or  in  part  is  permitted  for  any  purpose  of  the  United 
State  Government. 

This  document  has  been  approved  for  public  release  and  sale;  its 
distribution  is  unlimited. 

This  statement  should  also  appear  in  Item  12  of  the  Report  Documentation 
Page,  Standard  Form  298.  Your  contract  number  and  R&T  Code  should  be 
reported  in  Item  5  of  Standard  Form  298.  Copies  of  the  form  are  available 
from  your  cognizant  grant  or  contract  administrator. 


507 


THE  CHEMISTRY  AND  PACKAGING  OF  NANOCOMPOSITE  CONHNED  ARRAYS 
GALEN  D.  STOCKY 

Departmcit  of  CkcnUtryi  University  of  CalifomUi,  Santa  Barbara*  CA  931M 


ABSTRACT 

The  miniaturization  of  electronic  and  optid  devices  has  revololionized  response  times,  energy  loss  and 
transport  efficiency.  An  additional  bonus  is  thai^  as  one  approaches  the  nanosize  regiine  the  presence  or 
absence  of  a  few  atoms  and  the  geometrical  disposition  of  each  atom  can  signincamly  modify  electronic  and 
photonic  properties.  Ihis  control  can  be  further  supplemented  by  "packaging*  assemblies  of  atoms  or 
molecuka  into  thin  film  or  nanocomposiie  bulk  maieri^  todefine  surface  states,  cluster  environment  and 
geometry,  intercluster  interactions,  and  consequently,  a  wide  tunable  range  of  optical  and  charge  carrier 
responses. 

The  chemist  is  presented  with  an  intriguing  challenge.^  First  the  clusters  must  be  unisized  with 
identical  geometries.  Secondly,  the  atom  or  molecular  assemblies  should  ideally  have  perfca  periodicity  in 
order  to  rigorously  define  optoelectronic  densities  and  intercluster  tunneUmg.  A  third  requirement  is  that  the 
nanocomposite  be  processable,  generally  in  the  form  of  thin  films  or  single  crystals.  Numerous  approaches 
are  being  undertaken  in  achieve  these  g^.  including  molecular  beam  and  atomic  layer  epitaxy,  molecular 
sieve  mclution  chemistry,  molecular  capping  of  inorganic  clusters,  porous  glass  and  aeioaol  synthesis.  This 
paper  presenu  a  brief  review  of  the  interface  chemistry  associated  with  nanophase  confinement  snd  packaging 
and  some  features  of  three  dimensional  surfiroe  confinement  using  molecular  sieves  and  zeolites. 

latroductloa 

Because  of  the  importance  of  nanoctusier  chemistry  to  a  wide  variety  of  fields  ranging  from  atom  and 
electron  transpon  in  biological  systems,  heterogeneous  catalysis,  phottxatalyrfs,  to  the  development  of  new 
electro-optic  devices  based  on  quantum  confinement,  there  has  b^  an  explosion  of  interest  in  dus  atf«  by 
scientists  from  many  areas.  Syntheses  of  nanoclusters  have  been  carried  out  in  numerous  ways  to  give 
unexpectedly  different  materials  with  varied  structural,  optical,  and  transport  properties.  Molecular  inorganic, 
physical  and  biochemists  have  generated  nanoclusten  by  building  up  arrays  solution  or  gas  phases  atom 
by  aiomli.2.3].  From  the  other  directions,  solid  state  (rfiysicisu  and  engineers  have  focused  on  increasingly 
smaller  and  smaller  dimensions  with  engineering  based  directly  on  a  solid  state  atomic  lattice  substraiesN*^. 
The  materials  chemistry  ar  this  molecular  and  solid  state  interface  requites  a  precise  definition  of  the  number 
of  atoms,  their  siting  (e.g.  bulk  venus  surface),  and  ultimately  the  manner  in  which  they  ate  assembled  to 
form  a  nanocomposiie  array.  It  is  for  these  reasons  that  while  the  convergence  of  molec^  and  solid  state 
chemistry  is  near,  the  somewhat  diffuse  materials  synthesis  ioterface  between  isolated  clusters  and  the  infinite 
solid  array  is  only  beginning  to  be  resolved. 

Current  Nanocinstcr  Synthetic  Methodologies 

Chemisu  have  pushed  metal  atom  clusten  lo  their  limits  over  the  past  30  yean  so  that  there  is  the  most 
detailed  information  about  their  synthesis  and  detailed  structures.  The  largest  m^-metal  bonded  nanocluster 
which  has  been  synthesized  and  structurally  characterized  by  single  crystal  difCrnction  measuremeou  is 
(HNi3|Pt6(CO)4t]^*  1^.  In  this  regime  the  structures  (Figure  I)  can  be  thought  of  as  small  chunks  of  metal 
which  are  solubUized  by  a  coating  of  tigandt.  Studies  of  metal  naooclusters  beautifully  demonstrate  the  fact 
that  the  bonding  at  the  exterior  surface  of  the  nanodusier  can  energetkally  dominate  the  ultimate  cluster 
geometry.  For  example,  the  dimensions  of  these  fragments  are  large  enough  so  that  one  observes  the 
hexagonal  and  cubic  cioae  packed  arrangement  of  metal  atoms  in  [Pt26(CO)32]^‘  smd  (Pt3i(CO)44Hx]^ 
clusten  respectively  However,  in  [Pt|5(CO>3ol^*i  the  platinum  metal  atoms  arrange  themselves  in  a 
helical  aniy  of  triangular  Ptj  units  and  in  [Pii9(CO))ol2‘  the  metal  cluster  is  a  bicapped  pentagcnal*prism 
similar  to  the  geometry  reported  for  certain  microcrystalUne  materials  such  as  metal  dendrites  and  whisken  . 
These  geometries  are  still  an  unresolved  challenge  to  theoretical  chemistry  as  well  as  to  the  development  of 
useful  predictive  theories  for  nucleation  phenomena. 

The  ultimate  limit  of  how  far  the  solution  chemist  can  go  in  nanoclusier  synthesis  remains  to  be 
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detennined.  The  above  clusters  are  in  fact  ielad\ciy  souil,  the  largest  being  7  platinum  stoma  in  the  longest 
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[Rl9(CO)22f- 


(Rhi3(CO)24H2f  +  [Pl26(CO)32l2- 


^  ^ 


lPt3a(CO)44Hi2l2-+  (HNl33Pt6(CX))48l5- 


(ccp) 


Fiftirc  1:  Strvctiirallj  characterized  aetal  aton  cluiters 

dimension  (^16  A).  Schmid  has  reported  a  family  of  clusters  based  on  the  closest  packing  of  atoms  to  give 
"magic’'  numbers  of  13,  SS,  etc.  with  the  nth  shell  containing  lOn^  -i*  2  atoms.  Examples  include 
Au5s(P(Ph)3){26^  (Ph  s  C^Hi)  end  Pd56i(phen)360i9o.t20  (r^  A  in  diameter  with  5  spheri^  shells,  and 
phen  »  phenarithiDljlne)!^!.  isolation  and  charactenzadon  of  a  pure  phase  of  the  latter  has  not  yet  been  reponed. 

Using  solution  phase  reactions,  Dance  has  created  soluble  molecular  clusten  such  as  [c  ioS4(SPh)i6]^ 
(Fig.  2)  which  can  be  considered  as  fingments  of  the  bulk  semiconductor  Uaicell<^«ii*l2).  As  molecular 
entities  these  can  be  isolated  and  structurally  characterized  with  the  largest  structurally  characterized  cluster 
reported  to  date  being  (Cdi7S4  (SPh)2i  P*  lius  structure  forms  tetrahedraily  coordinated  Cd  and  S  atoms  as 

does  bulk  CdS,  however  each  Cd  atom  is  also  bonded  to  a  surface  S  atom  which  is  pan  of  the  thiophenol 
group.  This  manner  of  covalent  bonding  at  the  surface  forms  a  method  for  control  of  cluster  aggregation  and 
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gives  «  monodisperse  size*  Notice  that  the  ratio  of  Cd:S  in  this  material  is  not  1:1  but  1:2*  This 
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Ffgnre  2.  Stracturalljr  characterised  !I-VI  clusters.  Ms  Za.Cd;  EsSfSe.Te;  RsCaHs 
(1S]»[19],[20] 

nonstoichiometiy  is  common  among  small  particle  semicooducton  as  will  be  discussed  for  GaP  included  in 
zeolites  in  the  next  section.  As  illustrated  in  Figure  2,  one  again  finds  the  possibilities  of  a  variety  of 
nanocluster  geometries.  Cheng,  Henon  and  WangH^I  demonstrated  that  even  very  small  clusters  such  as  these 
have  larye  nonrMonsnt  nonlineanties;  the  Dance  compound  has  a  nonresonant  nonlinearity  comparable  to  that 
of  conjugated  organic  dye  moleculet  and  bigger  clusters  have  even  larger  nonlinearities. 

The  ininal  wort:  in  the  area  of  larger  small  panicle  semkooductors  (to  -  100  A)  described  by  Brus  and 
Steigerwald  US.  16)  deai^  with  the  formation  of  size  quanfized  particles  in  colloidal  solution,  their 
characterization,  and  tnterpretadoQ  of  this  dau  using  both  classical  rnoleculir  orbital  theory  and  some  quMtum 
mechanics.  The  chemistry  needed  to  generate  nanoclusters  is  indeed  stat&<>f*dke^ut  requiring  control  of  kinetic 
parameters  beyond  the  limits  of  that  whkb  have  been  previously  achieved  in  solution  chemtstryO^l.  The  goal 
is  essentially  to  arrest  a  runaway  reaction  which  given  sufficient  starting  materials  will  result  in  the 
generation  of  a  bulk  material.  The  appropriate  cluster  size  is  achieved  by  competitive  reaction  chemistry 
between  core  cluster  growth  and  surface  capping  which  terminates  the  cluster  growth.  Kinetic  control  of  the 
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tvenge  porticie  size  is  achieved  by  adjusting  the  rate  of  diffusxMi,  choice  of  solvent,  reaction  temperatuft. 
rcacuon  time,  reagent  cooccniraaon  and  the  use  of  microhctcrogcncous  reacuon  media.  Following  the 
example  of  Dance,  strong  coordinating  ligands  are  then  used  to  abruptly  terminate  cluster  growthll**^’*®!. 
Analagous  to  the  ferritin  example  described  below,  stabilization  can  be  achieved  with  an  inorganic  phosph^ 
polymer,  such  as  sodium  hcxamctaphosphosphaie  l^J.  The  kinetics  of  the  nucleation  and  passivation 
prt)cessea  are  fast  and  in  general  a  typical  preparation  givcsa  poly  dispersity  of  ±  10%  in  pamclc  diameterlUl. 
Control  of  cluster  size,  stability  of  clusters  toward  aggregation,  and  differentiation  of  cluster  -  cluster 
interactions  from  surface  or  other  effects  are  drawbacks  to  colloidal  methods. 

llieopoid  and  coworkersl^z)  have  devised  a  synthesis  to  give  small  particle  ni*V  semiconductors  through 
what  is  essentially  the  hydrolysis  of  a  monomenc  aninogallane.  The  reaction  of  (C5(CH3)s)Gi- 
As(Sl{CHyhh  2  cquivalcnu  of  t-butano1,  shown  in  Figure  3,  yields  over  several  houn  small  GaAs 
particles  as  evidenced  by  the  shift  to  longer  wavelength  in  the  UV-Vis  ^^ectrum 


CH.  CHj 

CHj  V 


ci^ 

CH  ' 

CHj  p, - As 

V  ^CH, 

ch/ 


2  t-butanol 


GaAs  +  2C3H5H  +2t-BuOStMc3 


Figure  3.  Reaction  of  (C5(CH3)5)Ga-As($i(CH3)3)2  with  t-buUaol  to  fora  GaAs. 

with  time.  This  is  the  first  example  of  a  solution  phase  reaction  which  yields  size  quantized  ni>V 
semiconductors.  This  reaction  is  not  controlled  as  in  the  capped  clusters,  but  goes  on  to  form  bulk  GaAs 
through  the  course  of  the  reacuon.  More  recently  Wells  and  Alivisaios  have  successfully  been  able  to  cany  out 
arrested  precipitation  reacuons  to  form  capped  GaAs  clusters  so  that  III>V  nanociustexs  are  accestblel^^I. 
Other  methods  to  prepare  size  quantized  semiconductors  include  formation  of  PbS  particles  on  ethylene- 
methacrylic  acid  copolymersl^^l,  and  the  formation  of  glass  matrices  around  colloidai  solutions  of  CdSl^l.  In 
all  of  th^  systems,  quantum  confinement  is  in  three  dimensions  and  the  structures  are  referred  to  as  quantum 
dots  or  boxes. 

Another  intriguing  route,  also  discussed  m  this  symposium,  is  the  creation  of  nanoctusters  by 
biosynthetic  related  processes.  Nature  creates  quantum  confined  clusters  of  CdS  in  an  elegant  way  by  using 
short  chelating  peptides  in  yeast  as  part  of  the  biochemical  mechanism  of  entrapping  heavy  metal  atoms  such 
as  Cdl^l.  At  the  time  of  their  charactenzation,  these  clusters  were  found  to  be  nxxe  mono^sperse  than  those 
which  had  been  prepared  chemically.  Bio-  and  bioinorganic  chemists  have  studied  nanophise  cluster  formation 
in  a  variety  of  other  systems,  particularly  in  the  iron  transport  fcmtml27.2S.29l.  Femtin  consists  of  a  shell  of 
proteins  derived  from  nucleotides  which  surrxMind  an  iron  core  of  up  to  4500  iron  atoms  that  is  essentially 
spherical  with  a  diameter  of  80  A.  The  composition  approximates  cloeely  to  (FcOOH)  t  (FeOH2P04)  and  the 
iron  core  has  a  close  structural  resemblance  to  ferrihydritc,an  iioo  oxide  cluster  coordinated  with  water 
(SFe203*9H20  (20|  which  contains  a  close  packed  anay  of  oxide  and  OH*  ions  with  iron  atoms  in  octahedi'ti 
interstices.  In  this  case,  the  phosphate  in  ferritin  serves  the  role  of  exterior  surface  cluster  capping  and 
passivauon. 

The  basic  science  revealed  by  gas  phase  studies  about  cluster  stability  (e.g.  the  "magic  number"  shell 
model)  and  surface  reactivity  are  providing  valuable  guidelines  for  nanocluster  synthesis  in  condensed  phases. 
Recently,  gas  phase  syntheses  of  CaxASyDU  and  neutral  i'yhum  phosphide  clustersD^i  have  been  reported. 
Silicon  clusters  such  ae  Si^  45  and  gallium  arsenide  posiuve  cluster  ions  containing  up  to  60  acorns  have  been 
identified  and  characterized  along  with  their  surface  chcmistryl2234  j.  |n  the  past  there  have  been  no  direct 
strucUiral  determinations  or  means  of  stabilizing  and  accumulating  the  gas  clusters  so  that  the  use  of  gas  phase 
precursors  for  nanocomposite  synthesis  did  not  exist  The  isolation  of  C60  and  C70  m  large  bulk 
quantitiesl3^<^)  is  a  major  breakthough  that  is  now  generating  research  activity  comparable  to  that  seen 
previously  for  high  Te  superconducting  materials  as  evidenced  by  the  special  session  in  this  symposium. 


Niaocluitert  and  Naoocompofitcs 

In  practice  the  ultimate  goal  is  to  construct  a  multiphase  nanocomposite  in  order  to  provide  photo  and 
thennal  stability,  form  unisized  clusters  of  an  arbitrary  size,  control  ;luster  •  cluster  interacuons,  atvl  make 
device  processing  available  at  a  high  material  yield  and  low  cost  In  order  to  design  and  synthesize  the 
nanocotnposiie  it  is  nxessaiy  to  understand  the  relationship  between  nanociuster  sijrface  chemistry  and  internal 
cluster  bonding,  electronic  and  structural  intercluster  coupling,  sum  and  product  p:Y)pertiei,  coraicctivity 
patterns,  periodicity  and  scaling,  Schottky  barric;’ effects,  and  coupled  phase  trinsfonnaUons.  Packaging  the 
nanoconfined  arrays  and  controlling  these  properties  is  the  biggest  challenge  to  the  materials  sdemist 

Undoubtedly  the  closest  overlap  between  solid  state  and  solution  chemistry  synthesis  of  quantum 
confined  nanocomposiies  has  been  with  2-d  quantum  well  layered  structures.  Ishihara  znd  coworkers  have 
recently  reported  the  isolation  of  a  natural  quantum  well  system,  (RNHsh^U  ^tth  R^CioH}!.  In  this 
structure,  PbU^-*  networks  are  separated  by  the  alkyl  chains  of  the  organic  cation  RNHj  *  to  give  respectively 
the  wells  and  the  potential  barrier^}?].  This  material  has  been  carefully  studied  optically  and  shows  marked 
incitax  in  oscillator  strength  for  the  2D  exciton  gained  by  confinement  to  two  dimensions  (0.7)  compared 
to  that  for  the  3D  exciton  m  bulk  Pbl2  crystal  (0.017).  The  emission  spectrum  of  the  exciton  in  this  system 
is  extremely  sharp  at  low  temperatures  so  that  the  coherence  length  and  perfection  of  this  quantum  marerial 
appear  to  be  excetlenL  The  consequence  is  a  large  third  oeder  opocal  susceptibility,  with  picosecond  or 
less  response  time. 

Two  dimensional  surfaces  with  monolayer  or  greater  thicknesses  and  combined  in  various  geometrical 
configurations  to  give  quantum  wires  or  1-d  quantum  confmement  are  currently  the  basis  for  optoelectronic 
devices.  The  physicist's  and  engineers  approach  to  quantum  confinement  (dots,  wires,  and  layers)  has  been  by 
way  of  molecular  beam  (MBE)  and  atomic  layer  epitaxy  (ALE)l^l  on  an  ordered  2-d  lattice  substrate  to 
fabricate  ultra  thin  (monolayer)  semiconductor  epitaxial  layers.  Figure  4  shows  how  carrier  confmement  is 
then  achieved  by  sandwiching  the  semiconductor  layer  between  two  wider-bandgap  semiconductor  epitaxial 
layers  or  by  introducing  lateral  barrier  wails  to  form  quantum  boxes! 39 .40.^11.,  Quautfun  wires  in  which 
carrier  and  electronic  wave  functions  have  one  degree  of  freedom  along  an  axis  can  be  formed  in  the  MBE 
approach  by  corrugation  of  quantum  layers  or  by  lateral  structuring! ,43],  \  promising  new  development  is 
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Figure  4.  Molecular  beam  epitaxy  derived  quantum  superlattices. 


the  use  of  the  scanning  tunnel  microscope  (STM)  as  a  lithographic  tool  to  create  barriers  on  the  10  to  1000  A 


512 


scaiei^}.  Abo,  epiuxial  growth  of  GaAs  on  high  surface  silica  has  been  used  to  pixxJuce  size  quantized  GaAs 
p«ticlcsl^^1. 

For  nanociusters  synJiesized  via  solution  or  gas  phase  chemistry,  the  use  of  capping  inorganic  and 
organic  groups  which  have  large  subility  constants  is  one  viable  solution.  Spin  coating  of  these  capped 
clusters  or  intrinsic  polymerization  of  functionalized  organic  caps  to  give  thin  film  sroctures  then  provide  a 
route  to  device  applicadons.  Porous  glasses  conftnement  offer  less  control  over  the  size,  shape  and  cluster  - 
cluster  interactions  of  semiconductor  p«ticles  within  their  pores,  however,  the  glasses  offer  the  ease  of  optical 
cheiacterizadon  and  the  potential  for  use  as  thin  monoUdis  in  optical  devices.  Another  approach  is  an 
extension  of  the  solid  state  approach  of  using  2-d  €ry.ttalbne  surfaces  for  amy  organization  and  definition.  By 
incorporating  the  confined  arrays  v'ithin  a  3-d  crystalline  surface,  t.e.  a  zeolite  or  molecular  sieve,  it  is 
possible  to  obtain  detailed  structural  information  relevant  to  internal  cluster  bonding,  surface  termination,  and 
intercluster  coupling.  In  the  following  discussion  two  rotes  of  the  3-d  surface  are  empluLsized:  1)  the 
definition  of  the  quantum  confinement  geometry,  and  perhaps  more  importantly,  2)  the  three  dimemional 
periodicity  which  directs  the  formation  of  a  "supra-molecular”  composition  and  the  overall  quantum 

latticel  46.47], 

iDclutiOB  and  **4111  Dimensioa'*  Chemistry 

Topologically,  molecular  sieves  and  zeolites  consist  of  monolayers  of  edge  shared  MO2  tetrahedra.  By 
using  large  organic  and  inorganic  templates  during  synthesis  these  monolayers  interconnect  into  polyhedral  or 
tubular  configurations  to  form  cages  and  channels.  This  is  illustrate  in  Figure  5  for  zeolite  RHO 
(M12AI12 $13(096,  M  «  monovalent  cation).  Excluding  the  exterior  interconnecting  oxygen  atoms  the  cage 
(point  group  Ob)  is  defined  by  120  frameworic  Si.Al  and  0  atoms.  To  graphically  amplify  the  representation, 
the  oxygen  atoms  between  the  tetrahedral  atom  sites  are  generally  omitted  u  shown  in  Ftg  5b.  The  sixteen 
akxn  ring  is  then  designated  by  the  tetrahedral  atoms  only  as  an  "aght" 


Figure  5.  a)  Zeolite  RHO  cage  with  120  framework  atoms;  b)  3-d  surface  of 
iatercouaected  cages. 

ring.  The  complete  zeolite  structure  is  built  up  by  interconnecting  via  the  six  octahedrally  located  eight 
rings  of  the  cages.  In  this  zeolite  the  void  space  'outside^'  the  cages  has  exactly  the  same  geometry  as  that 
defined  by  the  cages  themselves.  Every  atom  in  this  framework  is  equally  accessible  on  both  sides  of  the 
monolayer  surface  which  defines  the  cage  network.  It  is  in  ever/  sense  a  3-d  surface. 

As  with  the  nanoclusten  described  above,  it  is  not  clear  what  the  ultrmate  cage  and  channel  diameters 
might  be.  At  the  present  time  cages  and  channels  which  make  up  molecular  sieves  such  as  zeolite  Yl^S]  and 
VPI-5I49I  are  known  with  free  d^imeters  of  up  to  12  A,  The  natural  mineral  cacoxenite  possesses  15  A 
channels  and  an  18  A  free  diameter  channel  (Figure  5)  has  been  proposedl^l  so  that  quanuim  wires  of 
indefinite  length  which  are  one  dimensional  or  form  a  2  or  3  dimensional  grid  network  are  possible.  The 
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Figvrc  5.  projcctioas  of  the  first  tkrcc  ncmbors  of  as  iaflaitc  scries  of  3*d 

votecalar  sieve  aeU.  a)  corrcspoads  to  AlPO-5  aud  b)  to  VPI*5  wbicb  was  first  reported 
fo«r  years  after  its  existence  was  postulated  [50]. 

quantum  confmement  is  not  however  detennined  solely  by  the  cross  sectional  dimensions  of  the  host  channels 
since  the  bairien  between  the  quantum  dots  are  one  or  two  iosuiating  atomic  layers  thick.  This  means  that 
resonant  and  indirect  tunneling  is  possible  by  phonon  assisted  mechanisms  timgh  the  overlap  of  wave 
functions  of  adjacent  ciust^^i 
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As  an  example  of  the  manner  in  which  the  molecular  sieve  framework  can  be  used  in  nanocomposite 
synthesis,  first  coruider  one  of  the  simplest  polyhedral  cages  in  zeolite  chemistry,  the  tnmeated  octahedron 
found  in  the  sodalite  structure  (Figure  7).  This  is  in  fact,  an  inorganic  isomer  of  a  fully  saturated  C^o 
Buckminsterfullercne  cluster,  although  slightly  larger  because  of  the  longer  (-1.6  A)  SiuUO  bonds.  The 
‘*four  dimensionar  character  of  the  chemistry  arises  from  the  fact  that  one  can  carry  out  framework 
substitutioo  reactions  within  the  two  dimensional  surface  and  make  use  of  potentially  different  chemical 
reactivities  Mid  geometric  topologies  inside  and  outside  the  cage.Thc  cage  dielectric  properties  and  dimensions 
can  be  varied  by  the  frimework  substitution  shown  in  Table  1. 

The  6  ring  windows  of  the  sodalite  cage  are  large  enough  to  permit  the  reversible  inclusion  of  ions  and 
water.  The  five  atom  cluster  (Figure  8)is  common  with  compositions  such  as  (B2Q4)3  •  Zn4S  1^^),  (3204)3  • 
Zn3CaP,  and  (BeSt04)  •  Cd4^^),  In  the  sodalite  type  strucuires  the  cage  the  same  acentric  point  group 


514 


Figare  7.  (SIiAlijOs^}  sodallte  Figure  S.  Sodilites  witk  M4X  Clasteri 

aad  Ce#  sixty  atom  p^ykcdra  directly  coupled  through  4  rings 

**  ZaS  or  GaP,  43m»  and  contains  (for  example)  the  tetiahedril  Zn4S  fragment  which  is  the 

firs:  cvordinatioa  sphere  of  the  sulfur  atom  in  the  bulk  ZnS  structure.  One  thoefoce  hu  an  expanded 
superiatticeof  Zn^S  molecular  clusten  (Figure  9).  If  one  uses  a  larger  anion.  Se  or  Te,  at  the  center  of  the 
»^tec9^  the  Zn  atoms  are  forced  moie  towards  the  ultimate  limit  of  being  positiooed  at  the  center  of  the 
six  nng  openings.  At  that  point  the  system  besomes  an  eiqiaDded  semiconductor  lattice  with  all  Zn  atoms 


Figure  9.  ZU4X  Sodallte  Lattice  Figure  10.  Expauded  Semicoauctor  Lattice  with 

Metal  Atoms  in  Center  of  the  Six 

Rings 


equally  spaced  from  all  X  atoms  at  the  centers  of  the  cages  (Figure  10).  In  the  structure  of  (8204)3  •  Zn4S  a 
1.05  A  displacement  of  the  zinc  atoms  is  required  to  remove  the  Zn4S  cluster  identity.  Some  Zn*S  and  cage  to 
cage  distances  ate  given  bekiw  (Table  2)  to  show  how  both  cluster  and  intercluster  geometry  can  be  varied  by 
the  open  framework  surfije.  0  is  the  metal  atom  dif^.laceinent  required  for  loss  of  cluster  ide^ty. 


Table  2 

Lpttlcg 

M-X 

Zu 

laurwt  (A)  JOlAl 

ZiuSB 

2.260(3/ 

6.^1 

1.05 

ZoiSH 

2346(2) 

7.03 

1.17 

BaiBQralite»B«Ot2 

Zn4S  HG 

2345(3) 

7.16 

1.24 

H  »  Helvite  «  Be3Si30]2 

ZiuSeB 

2370(3) 

6.66 

0.96 

HG  s  CeHelvite  ■  803(^012 

The  Zn*S  distance  in  bulk 

is  234  A.  and  in  ZnSe  the  disttnee  is  2.45  A.  In  these  structures  inter 

cluster  coupling  should  be  large  and  the  band  edges  for  the  sulfide  and  selinide  boraliies  ire  within  20  nm  | 

(blue  3hifted)of  the  bulk  edge.  The  emission  spectra  at  room  temperature  are  intense  and  well  defined  with 
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corresponding  excitation  spectra  which  show  considenble  structure,  and  a  sharp  excitation  peak  at  the 
absorp^edge.  Inttiecaseof(BeSi04)3  •Cd4S  an  emisskmexciion  peak  is  also  observed  at  the  band  edge. 

The  AgaX  (X  »  group  VII  atom)  clusters  which  make  up  the  superlatlice  of  the  (Si6Al6024)  sodalite 
hamework  structure  show  remarkable  structural  and  spectroscopic  tran^onnaaons  as  one  varies  the  sodalite 
cageoccupancyi^«^(>^9«^l.  At  very  low  loadings  the  AgBr  is  a  molecular  silver  halide  unit  with  a  AgBr 
intemuclear  distance  (2.23(5)  A  for  AgBr  in  the  Na37Agj  cluster)  which  is  shoiter  than  that  reported  for  gas 
phase  silver  bromide  (2.39  A).  Due  to  more  extensive  covalent  boriding  of  AgBr  compared  to  NaBr  the 
Na3AgBr  aggregate  braves  like  a  slightly  perturbed  AgBr  molecule  with  nearby  Na'*‘  ions.  In  the  fully 
exchanged  AgiBr  sodalites,  die  Ag-X  (X  »  Cl,  Br,  I)  distances  are  shorter  than  in  the  rock  salt  bulk 
materials.  The  intercage  Ag>Ag  distances  are  25%  to  12%  longer  (O*  to  I*)  than  in  the  bulk  structure. 
Adjacent  cages  can  be  statistically  empci&l  and  the  absorption  lines  followed  horn  the  a  ve^r  sharp  single  line 
for  the  Ag-Br  fragment  at  low  loadings  (  similar  to  die  gas  phase  values  of  230  and  320  nm  for  the  AgBr 
monomer)  to  the  Ag4Br^  ix'lated  cluster  to  the  fully  loaded  and  intercage  coupled  system.  The  optical 
absorption  data  confirms  Otc  uio'eat^  tunneling  efficiency  and  intercage  coupling  u  the  distances  between 
centers  of  the  b  cages  decrease  ih  die  I*  to  Cl*  sequence.  Another  interesting  feature  is  evidence  of  a 
percolation  threshold  is  seen  in  an  aCvubc  change  in  the  unit  cell  parametm  snd  FT>far  IR  cation  uansiaiory 
modes  as  a  fiiKtion  of  loading. 

Theoretical  modelling  of  the  potential  well  and  intercluster  coupling  in  the  sodalite  structure  by  ab  initio 
calculations  are  cuiiendy  in  progress  at  Sauia  Barbara  in  collaboration  with  Hona  Metiu.  If  die  sodalite 
structure  is  synthesized  with  Na40il^,  MaOH  can  be  soxhlet  extracted  to  give  "empty*  cages  containing 
Gradual  filling  of  these  cages  wiih  sodium  vvpor  at  elevated  temperatures  gives  a  gradual  change  in  colors  horn 
pink  to  d«k  blue.  The  cliemicid  stability  imparted  by  the  inorganic  .^newock  is  remarkable  and  the  sodium 
metal  loaded  sodalite  can  be  heated  in  water  with  no  detectable  reaction.  The  results  clearly  demonstrate  the 
very  strong  dependence  of  absorpdoo  bands  on  the  framework  electric  field  and  the  sensidvity  of  the  energy 
levels  to  small  displacements  of  the  sodium  ions. 


Plgarc  U.Stru€t«re  aod  loa  exchange 
poaitloBS  of  cations  for  the  Zeolite  X 
straetBre.  The  12-rbit  opening  into  the 
superenge  la  about  9A,  and  the  sopercage 
itself  Is  13A  in  diameter. 

The  sodalite  cages  can  be  interconnected  in  several  ways  to  give  different  cage  structures,  e.g  2^lite  X 
has  two  types  of  cages  available  for  cluster  formadon,  the  smaller  7A  sodalite  units  and  the  larger  13  A  alpha 
cages  (Figure  1 1).  There  are  5  sues  (I  J  JI,  If,  III)  which  are  available  for  cation  siung  within  the  sodalite  and 


Figure  12.Gai4Pi3Cluster  based 
ou  EXAFS  and  MASNMR  daU 


516 


supercages.  n*VI  and  I-VII  quantum  confined  clusters  can  be  synthesized  by  well  understood  ion-exchange 
methods,  followed  in  the  case  by  treatment  with  H2S  or  H2Se,  It  is  important  to  note  that  the  ion 
exchange  process  can  yield  very  different  siting  of  cations  depending  on  temperature,  pH.  solvent  vs.  melt  ion 
inclusiofi.  other  extra-firamewoft  ions,  calcination,  and  loading  levels.  This  process  must  be  systematically 
controlled  along  with  the  conditions  for  treatment  with  H2S  or  H2Se  in  order  to  obtain  materials  which  can  be 
consistenUy  reproduced  and  which  contain  monotize  clusten.  The  ion  exchange  based  inclusion  chemistry  of  IX- 
V2161 .62.63.64.651  clusters  have  been  investigated  concentrating  on  the  structural,  optical,  and 
phocochemicall^^I  aspects  of  the  clusters. 

Structural  studies  have  been  earned  out  using  powder  Rietveld  X-ray  diffraction  methods  1^1  which  have 
established  cubane  like  clusters  of  (CdS)4  located  in  the  sodalite  cages  of  the  structure.  Extended  X-ray 
absorption  fine  structure  (EXAfS)  spectroscopy  was  ur^ed  to  study  the  coordination  sphere  of  Cd  in  the 
structure  and  showed  that  some  of  sulfur  atom  sites  are  occupied  by  oxygen  atoms.  These  small  cubes  do  i>oi 
take  advantage  of  the  much  larger  area  available  to  them  In  the  supercages  in  this  structure,  and  it  is  this 
intimaie  connecaon  with  the  zeolite  framework  which  probably  makes  this  structure  so  stable. 

Elemental  and  binary  semiconductor  synthesis  by  gaseous  and  melt  diffusion  within  the  zeolite  host  is 
being  explored  by  a  number  of  research  groups,  including  Bogomolov  72]  (elemental 

seroiconducton),  Herron,  Wang  et  alI73)  (Sc).  Endol74.75l  Sc  and  Tc).  Gotol7«l  (Tc  and  Pbl2)  and 
OzinI  77.71. 79  )(Mo03  and  WO3).  Ozin  and  Goto  have  used  careful  concentration  studies  with  different 
extrifrimework  cations  In  different  zeolite  hosts  to  successfully  demonstrate  the  fine  tuning  of  optical  and 
cluster  structure  which  can  be  achieved  with  binary  cluster  synthesis  and  inclusion. 

The  advantages  of  using  gas  phase  diffusion  methods  for  inclusion  can  be  illustrated  by  the  synthesis  of 
Gap  in  zeolite  Attempts  to  use  ion  exchange  as  a  route  to  the  formation  of  UI-V  semiconductors  in 
zeoliie  ffameworks  resulted  in  the  loss  of  crystallinity  of  the  material  due  to  the  very  tow  pH  required  to  keep 
group  Ill  cations  in  solution  as  hydrated  cations.  Alternate  methods  of  anhydrous  nitrate  and  halide  melts  also 
failed  to  give  the  desired  inclusion  products,  as  did  methylene  chloride  solutions  of  group  III  halides  as 
precursors.  The  approach  which  succeeded  in  synthesizing  GaP  inside  the  pore  structure  of  zeolite  Y  involves 
a  metal  organic  chemical  vapor  deposition  (MOCVD)  approach.  The  reaction  of  (CH3)3Gt  with  PH3  is  carried 
out  within  the  pores  of  zeolites  Na  and  HY  at  a  series  of  temperatures  to  give  small  GaP  particles  which 
showed  blue  shifts  in  the  UV-Vts  spectra  and  upfield  shifts  in  the  solid  state  NMR;  both  indicauve  of  size 
quantization  effects.  Extended  X-ray  absorption  line  structure  (EXAFS)  spectroscopy  idenuTied  particles  which 
were  -llA  in  diameter  corresponding  to  3  coordmauon  spheres  of  the  bulk  structure,  as  illus&ated  in  Figure 
12. 

This  figure  shows  a  possible  cluster  trrangement  with  either  a  Gt  atom  or  P  atom  at  the  center  of  the 
cluster.  In  the  case  of  a  P  atom  at  the  center,  the  charge  on  the  cluster  must  be  balanced  by  connection  to  the 
aniocuc  ffimcwork  or  residual  methyl  groups,  but  with  a  Ga  atom  at  the  center  the  charge  could  be  accounted 
for  by  excess  protons  remaining  on  the  P  atoms  due  to  incomplete  phosphine  dissociation.  Synchrotron  X-ray 
diffiractioo  studies  showed  long  range  ordering  of  the  clusters  in  the  supercage,  but  a  high  degree  of  local 
disoeder  within  the  supercage.  This  observation  supports  the  EXAFS  data  for  clusters  of  about  the  size  of  the 
diameter  of  the  supercage.  Both  EXAFS  and  solid  state  NMR  support  the  model  with  a  Ga  atom  at  the  center 
of  the  cluster.  The  primary  concern  with  all  zeolite  inclusion  materials  is  the  ability  to  control  diffusion 
properties  so  that  the  cluster  distribution  is  homogeneous  throughout  the  lattice.  Even  more  so  than  for 
MOCVD  deposition  on  2-d  substrates,  diffusion  kinetics  must  be  defined  and  controlled.  This  will  be  the 
primary  challenge  to  chemists  for  the  synthesis  of  all  3-d  quanUim  confmed  frameworks,  regardless  of  the 
syndic^  approach  which  is  used. 

The  existence  of  polar  molecular  sieve  structures  provides  access  to  an  additional  degree  of  control  of 
cluster  orientation.  In  this  regard  one  dimensional  poliu  pore  structures  are  parucularly  promising  for  the 
alignment  processes  required  for  SHG.  A  non-centiosymmetrK  host  could  cause  nanoclusters  to  dipole  align. 
i.e.  sulfide  at  one  end  and  zincs  at  the  other  as  is  normally  the  case  for  2nS.  rather  than  a  random  polar 
orientation.  This  could  be  of  some  importance  in  magnetooptic  materials.  Non-centxosymmetric  molecular 
sieves  include  ALPO-SI**  1  (space  group  P6cc).  ALPO-l  1  l«I  ac2m).  VP!-5I»I  (Pdscm).  sodalitel^l  (P43n) 
and  (P6m2).  Variation  in  host  framework  charge  density  or  dielectric  constant,  via  Si/AI  rauo 

dwiges,  or  the  use  of  other  framework  aiomsl^l.  can  be  used  to  define  the  relative  amounts  of  guest-host  and 
guest-goest  electzosuuc  interacuons.  For  example,  guest  dipole  molecules  tnteraa  more  strongly  with  one 
another  in  a  low  charge  density  host  than  in  a  high  charge  density  host  where  guest-host  interactions  dominate. 
In  a  few  charge  density  hosts,  guest  aggregation  or  chain  formation  should  occur  and  lead  to  bulk  dipole 
alignment.  The  counter  ions  present  in  the  host  can  also  be  used  to  control  guest  aggregation.  Gianging  the 
size  of  the  ions  alters  the  pore  size  and  shape  and  the  local  electrosude  fields  around  the  ions. 


5t7 


Coiclvsioi: 

The  undentsnding  and  new  synthetic  approaches  lo  nanocluster  synthesis  have  opened  extensive  new 
vistas  for  all  areas  of  science.  The  incoqKxation  of  nanoclusten  into  composite  synthesis  will  require  the 
continued  development  of  highly  sophisticated  new  chemical  techniques  ai^  molecular  engineering.  Much 
wil!  depend  on  the  ability  to  utilize  and  undentand  the  exterior  surface  chemistry  of  the  nanophaaes.  The  heaUh 
of  the  field  has  been  demonstrated  by  rapid  progress  in  opioelccirontcs  and  the  recent  isolacioo  of  Urge  new 
polyhedral  aromatic  clusters.  The  chemistry  of  the  Utter  introduces  a  ”4th*  dimension  lo  nanocluster  design. 
Similar  considerations  can  be  used  to  control  cluster  geometry  and  size  distribution  by  the  topography  of  three 
dimensional  host  surfaces*  making  it  possible  to  create  sem'''nnductor  q'^anium  superlatoces.  The  use  of  Urge 
three  dimensional  ^urftce  areas  permits  concentraticf'  studic  *  of  cluster  interactions  over  a  wide  range,  and  at 
leUdvely  high  opocal  densiths.  It  is  to  be  expected  iht;.v  ^  normally  very  unstable,  nanosized  phases  can 
be  synthesized  and  stabilized  via  encapsulation  and  u.icgiv  ucn  with  the  open  polyhedral  framework  systems 
that  are  now  being  developed. 
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